To increase the opportunity to delay or prevent mild cognitive impairment (MCI) or Alzheimer disease (AD) dementia, markers of early detection are essential. Olfactory impairment may be an important clinical marker and predictor of these conditions and may help identify persons at increased risk.
L oss of odor identification has been associated with plaques and tangles in the olfactory bulb, entorhinal cortex, and the cornu ammonis 1 regions of the hippocampus in autopsy studies. 1 Consistent with this, several clinicbased, case-control, cross-sectional, or selected participant studies have demonstrated associations of olfactory loss with cognitive decline, mild cognitive impairment (MCI), or Alzheimer disease (AD) dementia. [2] [3] [4] [5] [6] This suggests that impairment in odor identification may be a marker for risk of amnestic MCI (aMCI) due to AD or may predict progression from aMCI to AD dementia. In addition, anosmia has been associated with Lewy bodies, suggesting that impaired olfaction may also be a marker for Lewy body dementia 7 and vascular dementia. 8 There are several longitudinal studies on olfactory impairment and progression from MCI to dementia, 3,9-13 but fewer on the association with MCI. 2, 4, 5, 10 Studies on olfaction and MCI have often been conducted in cross-sectional or clinic-based studies and in studies of small sample size or short duration of follow-up. 4, [14] [15] [16] Furthermore, to our knowledge, few studies have investigated the associations of olfaction with MCI subtypes or with progression from MCI to AD dementia or non-AD dementia in a large population-based cohort. Thus, we sought to replicate previous findings on the association of olfactory impairment with risk of MCI (and MCI subtypes) and progression from MCI and its subtypes to AD or non-AD dementia in a large, prospective, population-based study.
Methods

Study Design and Participants
The Mayo Clinic Study of Aging was established in 2004 to study risk factors for MCI and dementia. [17] [18] [19] The initial cohort consisted of Olmsted County, Minnesota, residents aged 70 to 89 years on October 1, 2004 , who were randomly selected from an enumeration of the county population using the Rochester Epidemiology Project medical records linkage system. In 2008, we began ongoing recruitment using the same protocols as at baseline. This study includes participants who were enrolled between 2004 and 2010 and were evaluated in person. All protocols were approved by the institutional review boards of the Mayo Clinic and the Olmsted Medical Center, and participants provided written informed consent.
In-Person Evaluation and Assessment of Cognitive Function
At baseline, each participant and an informant were interviewed using questions about memory (participant), Beck Depression Inventory, Beck Anxiety Inventory, the Clinical Dementia Rating scale, 20 Functional Activities Questionnaire, 21 and Neuropsychiatric Inventory Questionnaire (informant). Participants were evaluated by a physician to obtain a medical history, assess global cognition using the 29 The raw test scores were age adjusted using normative data, summed, and scaled to compute domain z scores. 33 The data for each participant were reviewed for a diagnosis of MCI (aMCI and naMCI, single and multidomain) as previously defined, [17] [18] [19] dementia (including AD dementia), 34, 35 or normal cognition. 17, 18, 33 Participants were followed up at 15-month intervals for incident diagnoses of MCI or dementia, using the same protocols as at baseline.
Assessment of Olfactory Function
Olfaction was assessed using the Brief Smell Identification Test (B-SIT) version A, 36 which consists of 6 food-related and 6 nonfood-related smells (cherry, clove, strawberry, menthol, pineapple, lemon, leather, lilac, smoke, soap, natural gas, and rose). Participants were required to scratch, sniff, and select 1 of 4 possible tests. The B-SIT score was computed as the sum of the correct responses for persons with no more than 2 missing responses. A score of 0.25 was assigned for each missing response.
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Statistical Analyses
Proportional Hazards Models Follow-up time was computed from the time of administration of the B-SIT (baseline) to the midpoint between the last assessment as cognitively normal (or MCI) and the date of the incident event MCI (or dementia). Persons who died or were lost to follow-up prior to an event were censored at their last follow-up. The association of B-SIT score with (1) incident MCI and (2) progression from MCI to dementia was examined using Cox proportional hazards models. Olfaction was characterized as the continuous or categorical B-SIT score. Osmia categories were based on B-SIT quartiles for cognitively normal participants-anosmia (score <6), microsmia (men, 6-10 and women, 6-10.25), normosmia (men, 10.25-12 and women, 10.5-12) as previously described 4 -and dichotomized as less than 9 (impaired) vs 9 or greater. 3 The basic models were adjusted for sex and education, with age as the time scale. Potential confounding by type 2 diabetes mellitus, hypertension, stroke, apolipoprotein E (APOE) ε4 allele, self-reported alcohol problem and ever-smoking, baseline cognitive domain scores, and STMS was examined in separate models, but there was no confounding by these covariates and the data are not reported. Interaction of the B-SIT score with sex and with each of the covariates listed here was examined. We determined whether B-SIT score is associated with MCI and improves model fit for MCI after adjusting for predictors of MCI included in a risk score for MCI developed in our cohort. 37 For each participant, we computed a risk score from a basic risk prediction model using variables obtainable in the outpatient setting (education, subjective memory symptoms, alcohol problems, stroke, diabetes mellitus, atrial fibrillation, smoking, dyslipidemia or hypertension in midlife, maximum adult body mass index, and marital status); the basic model plus the STMS; and the augmented model including variables in the basic model, STMS, informant-based measures (Functional Activities Questionnaire and Clinical Dementia Rating), Unified Parkinson's Disease Rating Scale, gait speed, and neuropsychiatric symptoms (from Neuropsychiatric Inventory Questionnaire, Beck Depression Inventory, and Beck Anxiety Inventory). 37 We ran separate Cox models to predict MCI, including the risk scores with and without the B-SIT score, and computed the differences in model fit assessed as the C statistic (concordance).
Mixed-Effects Models
Among cognitively normal participants, we used linear mixedeffects models to investigate the association of B-SIT score with decline in cognitive z scores and the STMS during follow-up. All the analyses were performed using SAS version 9.3 (SAS Institute).
Results
Characteristics of Cognitively Normal Participants
Of the 1630 participants who were cognitively normal at the time of the smell test, 33 died before follow-up and 167 were lost to follow-up. Among the 1430 cognitively normal participants included, the mean (SD) age was 79.5 (5.3) years, 49.4% were men, the mean duration of education was 14.3 years, and 25.4% were APOE ε4 carriers ( Table 1) . Over a mean 3.5 years of follow-up, there were 250 incident MCI cases. The frequency of incident MCI decreased with increasing B-SIT scores.
Characteristics of Participants With Prevalent MCI
Of the 317 participants with prevalent MCI, 75 had no follow-up and 21 died. Of the 221 included (aMCI, 185; naMCI, 36), the frequency of MCI decreased with increasing B-SIT score Cognitive domain z score
Cognitive test scores ( Table 2) . Over a mean 3.1 years of follow-up, there were 64 incident dementia cases. The frequency of any or AD dementia decreased, and cognitive performance increased with increasing B-SIT scores.
Impaired Olfaction and Incident MCI
The risk of MCI increased with decreasing B-SIT scores ( Table 3) .
There was a significant dose-response association across worsening olfaction categories. The associations remained significant after adjustment for or exclusion of persons with a history of stroke (data are not presented 
Impaired Olfaction and MCI Subtypes
Impaired olfaction was associated with any MCI and with aMCI ( 
Impaired Olfaction and Changes in Cognitive z Scores
In linear mixed-effects models, each unit decrease in B-SIT score was correlated with worse performance in domain z scores at baseline (Table 4) . Longitudinally, each unit decrease in baseline B-SIT score was significantly associated with decline in performance in memory (β = −0.013, P < .001), executive function (β = −0.016, P < .001), language (β = −0.013, P < .001), and global z scores (β = −0.015, P < .001). Similar cross-sectional and longitudinal association patterns were present for the individual test scores, except for Picture Completion. 
Impact of B-SIT Score on Risk Prediction Models for MCI
Impaired Olfaction and Progression From MCI to Dementia
Among 221 prevalent MCI cases (122 single-domain aMCI; 63 multidomain aMCI; and 36 naMCI), the risk of dementia increased with decreasing B-SIT score, with a significant dose response across B-SIT categories ( Table 3 ). The worst B-SIT categories strongly predicted progression from aMCI to AD dementia. In multivariable models, the estimates for the worst olfaction categories remained significant even after addi- 
Discussion
In this elderly cohort, impaired olfaction was associated with incident MCI and aMCI and with greater decline in cognitive performance during follow-up. After accounting for several established risk factors for MCI, the smell score remained significantly associated with MCI and improved the model fit for predicting MCI. Impaired olfaction was associated with progression from MCI to dementia and from aMCI to AD dementia. Clinical implications of our findings are that odor identification tests may have use for early detection of persons at risk of cognitive outcomes. The B-SIT is easily administered in the outpatient setting, does not require administration or interpretation by trained personnel, has normative data, is relatively inexpensive, and is noninvasive. Thus, the B-SIT could be beneficial for screening to identify cognitively normal persons and persons with MCI who could benefit from early interventions to prevent or modulate risk for progression. The findings also suggest that a combination of the B-SIT with other predictors of AD dementia may have use for identifying persons who should undergo expensive or invasive diagnostic testing to detect AD dementia pathology or recruitment to primary or secondary prevention trials. However, the latter requires further evaluation.
The results from mixed models for continuous cognitive outcomes are consistent with the results for the dichotomous outcome of MCI risk. They suggest that impaired olfaction is associated with worse cognitive performance among cognitively normal individuals, and predicts decline in cognitive performance in nearly all cognitive domains. The greater declines in memory, executive function, and language suggest that brain regions that mediate performance in these domains may be involved early in the disease process.
Potential mechanisms for the present findings may involve neurodegenerative changes in the olfactory bulb and tracts and central brain regions that involve memory and olfaction. 38 The olfactory bulb is thought to be involved because smell loss occurs only in neurodegenerative conditions where there is olfactory pathology such as AD and Parkinson disease. 39 Markers of AD pathology (neurofibrillary tangles) have been observed in the olfactory bulb and tracts prior to onset of AD dementia-related symptoms, suggesting that olfactory deficits may be early markers of AD risk. 38, 40, 41 The presence of AD pathology in the entorhinal cortex, hippocampus, and other temporal regions leads to an inability to store and retrieve memories of smell and thereby to correctly identify odors. 42, 43 Cholinergic deficits resulting from several mechanisms, including damage to the nucleus basalis (a key cholinergic nucleus that projects to brain regions involved in olfaction), are involved in olfactory loss in AD dementia and Parkinson disease. These deficits help distinguish between neurodegenerative diseases with (Parkinson disease and AD) and without (progressive supranuclear palsy and corticobasal syndrome) impairment in olfaction. 39 Reduced levels of choline acetyl transferase and dopamine in the olfactory epinephrine related to damage or neurodegeneration in the locus coeruleus (a key source of norepinephrine to the olfactory bulb), have been hypothesized to play a role in impaired olfaction in AD.
Our findings replicate those from other longitudinal studies on olfaction and incident MCI or cognitive decline. In a multiethnic urban community, impaired olfaction was a stronger predictor of incident MCI than episodic memory. 10 In the Rush Memory and Aging Study, 2 worse olfaction was associated with incident MCI and declines in cognitive outcomes. In other studies, impaired olfaction was associated with declines in verbal and visual memory 5 and in global cognition. 4 Cross-sectional and case-control studies have also reported associations of impaired olfaction and MCI or cognitive measures. In a case-control study of MCI and AD cases recruited from a neuropsychology clinic, cases had significantly worse scores than control individuals. 14 In a cross-sectional study of MCI cases, severe hyposmia was associated with worse performance on memory tests and executive function. 15 Among middle-aged participants, impaired olfaction was associated with worse performance on tests of executive function. 45 In the Rush Memory and Aging Study, worse olfaction was associated with worse cognitive performance at baseline, 2 and in a Chinese sample, impaired olfaction was associated with MCI. 16 The association of impaired olfaction with MCI progression to dementia is consistent with longitudinal findings from other studies. [9] [10] [11] Among patients from a memory clinic and volunteer control individuals, a combination of markers (smell test scores, functional measures, cognitive test scores, and imaging measures) more strongly predicted progression from MCI to dementia than age and Mini-Mental State Examination score.
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In one prospective study, worse smell scores from a 10-item test predicted conversion from MCI to AD dementia, 3 and in another, the B-SIT performed highly in distinguishing between AD dementia cases and control individuals. 13 Crosssectionally, impaired olfaction was associated with AD in a Japanese cohort. 46 To our knowledge, relatively few investigators have specifically examined the associations of MCI subtypes with AD dementia. The strong association for transition from aMCI to AD dementia is consistent with an underlying AD pathophysiology. Consistent with our findings, one study reported a stronger association of impaired olfaction with progression from aMCI to AD dementia than from naMCI to AD dementia, and a combination of the smell test score and memory impairment score improved prediction of AD dementia compared with memory scores alone. 10 We did not detect an association of impaired olfaction with risk of naMCI owing to lack of power (50 incident naMCI cases). We also did not have power to examine associations of prevalent naMCI with risk of non-AD dementias (only 10 incident non-AD dementia cases). By contrast, other investigators have reported associations of impaired olfaction with vascular dementia, 8 as well as with Parkinson disease and the presence of Lewy bodies, with implications for Lewy body dementia. 7 In contrast to the present findings, one study did not observe an association of impaired olfaction with declines in global cognition (Mini-Mental State Examination score) or with executive function. 5 However, in a previous study, impaired olfaction was associated with AD biomarkers including elevated cortical amyloid and thinner entorhinal cortex. 47 The present findings were robust to changes in cutpoints for olfaction, and the associations persisted even after adjustment for or exclusion of persons with a history of stroke. Despite the absence of a significant interaction with sex and APOE ε4 allele, the estimates and direction of risk were consistent with studies reporting stronger associations of impaired olfaction with cognitive impairment in APOE ε4 allele carriers than noncarriers. 4, 16, 48, 49 Consistent with the present study, another study did not find a significant interaction of B-SIT score with APOE genotype. 5 There were some potential limitations to our study. We did not directly assess odor detection; however, this is unlikely to bias our findings because odor detection tests correlate highly with odor identification tests, and patients with AD and a number of other neurodegenerative diseases demonstrate deficits in both detection and identification. 44, 50 We excluded 23 participants with
Parkinson disease and 12 with alcoholism (CAGE stage 4), 51 but were unable to identify and exclude people with a history of head trauma, allergies, nasal condition, or nasal diseases that could impact olfaction if present. 52 The predominant northern European ancestry of participants raised questions about generalizability. Nevertheless, studies in multiethnic and nonwhite cohorts have reported similar associations. 10, 16, 46 The use of the B-SIT compared with the longer 40-item University of Pennsylvania Smell Identification Test has been questioned. 14 However, the B-SIT has been shown to reliably predict cognitive decline and MCI, distinguish between AD cases and control individuals in other studies, [2] [3] [4] [5] [6] 13 and have a test-retest reliability coefficient of 0.71 consistent with the expected estimate for a 12-item test. 36, 53 There were several strengths of our study. The study was population based, reducing the potential for selection bias. The study included a large cohort of cognitively normal participants and MCI cases, with equal representation of both sexes. Reliable and valid information on covariates was abstracted from community medical records rather than by self-report. Participants were comprehensively characterized for MCI and dementia at each evaluation using previously published criteria and without consideration of previous diagnoses, thereby reducing the potential for bias in ascertainment of diagnoses. The prospective design allowed us to assess the role of impaired olfaction as a marker for early detection of persons at risk for MCI and dementia.
Conclusions
Our findings suggest that impaired olfaction is associated with incident aMCI and with progression from aMCI to AD dementia, and may be useful as a marker for early detection of persons at risk for aMCI or AD dementia.
